Abstract: Graphene with excellent 2D characters has been required to expand their potentials for meeting applicational demands in recent years. As one avenue, several approaches for fablicating 3D porous graphene network structures have been developed to realize multi-functional graphene materials with 2D graphene. Here we overview characteristics of 3D porous graphene for future electronic device applications along with physical insights into "2D to 3D graphene", where the characters of 2D graphene such as massless Dirac fermions are well preserved. The present review thus summarizes recent 3D porous graphene studies with a perspective for providing new and board graphene electronic device applications.
Introduction
Two-dimensional (2D) materials have been central to the developments of various kinds of potentiality as well as practical applications. Especially, graphene-related materials have become crucial research targets and have proposed fascinated applications on electrical transport 1−5 , thermal transport 6 , optical 7−12 , plasmon 13−16 , biochemical 17−20 , filter/sensing 21−25 and energy 26−33 devices. Those devices successfully exploit the graphene characteristics. Specifically, electronic devices from 2D graphene sheets exhibit promising functionalities such as transistors 34−36 , flexible and transparent electrodes 37 and displays 38 . These prototype devices have shown that graphene-based electrical devices can indeed be applied to practical applications. At the same time, however, it has been recognized that the performances in 2D graphene-based devices are sometimes much lower than those of conventional carbon devices, which implies that a single graphene sheet itself cannot cover various kinds of applications. Hence graphene materials are facing big challenges for further developments and expansion of applicational breadths.
Recently, three-dimensional (3D) porous graphene network architectures constructed from graphene sheets are receiving focused attentions for expanding graphene applications. Various kinds of 3D porous graphene materials have been created, which includes chemically exfoliation, sol-gel methods, template methods and chemical vapour deposition (CVD) for applications such as supercapacitors 39−50 , biochemical applications 51−53 lithium batteries 54−64 , electrocatalysts 65−74 , photodetectors 75, 76 , sensing and filter devices 77−86 , mechanical applications 87−90 , water purification 91−93 , transistors 94 and plasmonics 95 . These 3D-graphene based devices have demonstrated high performances beyond 2D-graphene devices. However, such 3D porous graphene devices often suffer from undesirable phenomena and characteristics caused by their 3D morphology itself. For example, uncontrollable connections of graphene layers may bring about electrical short circuits with leakage currents, preventing fine electrical device control. Moreover, 3D morphology, when non-porous, could hinder mass transport of ions and molecules required for chemical reactions and electrical charge transfers. This is natural, since physical properties, hence applications, of 3D porous graphene devices should strongly depend on the structural morphology and their electronic characters in which 2D graphene is modified. Here we envisage that 3D porous graphene devices for realizing various kinds of graphene based electronic devices are subject to requirements of bi-continuous, monolithic, and highly-crystalline structures with open porosity, which can then realize high electrical conductivities and mobilities, large surface areas, high mechanical strengths, high thermal conductivities and chemical stabilities with wellpreserved 2D graphene natures of graphene sheets.
Indeed, one crucial point in 3D porous graphene studies is how 2D characters are preserved in 3D structures. In general, the 2D graphene characters such as massless Dirac fermions and excellent transport properties may be lost due to 3D structures with curved graphene sheets, where topological defects such as 5-7 defects are geometrically required.
We have also to take care of disorder arising from discontinuous graphene flakes with frayed borders and edge defects, and distorted/disordered graphene grains created in fabrication processes. Therefore, it could be expected that 3D porous graphene-based electronic devices become more attractive if the 2D graphene characters are well preserved in 3D porous structures. Quite recently, it has been reported that a class of 3D porous graphene preserves 2D graphene characters associated with massless Dirac fermions with high electron conductivity and mobility. 96 By combining conventional graphene characters with 3D porous structures, the high crystalline 3D porous graphene with inter-connected open porous structures gives a new path for interesting physical properties and applications. The present review gives a perspective in current 3D graphene fabrication methods along with physical properties influenced by 3D morphologies for broadening graphene-based electronic device applications to overcome limitations beyond 2D graphene devices.
Synthesis of structure-controlled 3D porous graphene

Chemical treatment method
The self-assembly or sol-gel method is a wet chemical process of chemical exfoliation followed by an assembly of the exfoliated graphene nanosheets into open porous structures, with ultralow density and large surface area with and without other components, such as metal oxides (Fig. 1) . Most commonly used processes are the modified Hummers' method for producing chemically exfoliated reduced graphene oxide (RGO) nanosheets with good dispersibility and processability, and standard sol-gel methods with freeze drying or supercritical drying techniques to keep the porous structures. 75, [97] [98] [99] [100] [101] [102] [103] [104] [105] The highest specific surface area (3000 m 
Hard template based method
Controlled graphene structures have also been fabricated by using hard templates such as spheres, tubes and zeolites, where graphene replicates the templates structures. The templates are carefully selected in terms of thermal and chemical stability during precursor filling into the templates and annealing at high temperatures for graphitization.
In the hard template method, both templates and filled precursors are annealed mostly over 1000 C, and pure graphitic materials are obtained by chemical etching of the templates. The advantages of template methods can achieve a fine design of porous and periodic structures with changeable template sizes/shapes and configurations. For example, SiO2 108−110 , Al2O3 111, 112 , CaCO3 113 or polystyrene 114−116 are used to obtain the holy-like 3D porous graphitic structures for supercapacitors and other energy devices (Fig.   2 ). 
Microporous template based CVD method
The bottom-up CVD is known as one of the best fabrication methods for obtaining largest, bicontinuous and high quality defect-free graphene with large grain sizes. 117−120 The graphene growth mechanism during CVD processes can be explained with the surface catalytic reaction on Cu surface with carbon segregation and precipitation on Ni surface at temperatures around 400-1000 C. Cheng and coworkers first demonstrated 3D microporous fabrication with the CVD method by employing Ni foam, which brought an important breakthrough for bi-continuous and 3D microporous graphene.
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This concept is successfully applied to other metal templates such as metal complex powders, metal nanoparticles and porous metals in place of Ni foam to achieve porous graphene. 123−127 There, microporous structures with length scale of 10-500 μm preserve 2D graphene characters, which is why the graphene foams created from Ni foam have been widely employed for electrical-device and energy-related applications. However, these graphene foams exhibit relatively poor electrical transport properties for devices, due to the nature of Ni foam with large surface roughness and the surface connection that is not smooth. Moreover, the low curvature (with over 10 μm diameter pore size) in the 3D porous graphene structures should exerts little influences on their physical properties, but the relationship between 3D porous graphene properties and curvatures have not been discussed in detail. 
Nanoporous metal based CVD method
More recently, the Ni foam has been replaced by nanoporous metals such as Ni 128, 129 or Cu 130, 131 with initial pore size of about 10 nm for obtaining 3D nanoporous graphene with smaller nano-sized porous structures. The advantage of such metal templates is not only nano-sized porous structures but also their thermally reconstructed very smooth surfaces and the unique structures such as a triply-periodic minimal surface which comprises 55% gyroid surface and 30% Schwarz's D-surface. 132, 133 By using the nanoporous metals as CVD templates, it is reported that the obtained high quality, bi-continuous and open 3D nanoporous graphene preserves the massless Dirac fermion character of 2D graphene with tunable porosity and high surface area, as displayed in Fig. 4 . Preparation of nanoporous graphene by nanoporous Ni templates.
Hallmarks of high quality 3D nanoporous graphene
Constructing 3D nanoporous graphene with millimeter-sized architecture from an ideal single 2D sheet without compromising its remarkable electrical, optical, and thermal properties is currently a great challenge for overcoming limitations in integrating single graphene flakes into 3D porous graphene devices. Inter-connected and bicontinuous 3D nanoporous graphene without frayed borders/edges and with low density of crystalline defects very similar to those of suspended graphene layers have been investigated by combining the state-of-the-art spectromicroscopy and imaging techniques of Raman spectroscopy, TEM observation and photoemission spectroscopy. 96, 134 The high spatial resolution brings to light the inter-relationship between the topology and the morphology in the highly curved regions where sp 
Morphology and structures of 3D nanoporous graphene
Now, a 3D nanoporous graphene with high interconnectivity, low defect density, and tunable nanopore sizes is obtained by the nanoporous Ni-based CVD method. 96 The microstructure of 3D graphene shows the intricate 3D nanoporous morphology with concave and convex curvatures and nanopores (Fig. 5) . The selected area electron diffraction reveals that the 3D nanoporous graphene has multiple orientations, which is associated with random distributions of the interconnected highly crystalline graphene sheets in three dimensions. The atomic structure of the 3D nanoporous graphene shows a perfect hexagonal structure on the flat region along with topological defects such as a 5-7 defect in large curvature regions. These atomic-scale defects are geometrically required for realizing 3D nanoporous configurations. A selected micro-Raman spectrum in Fig. 6 on the 3D nanoporous graphene demonstrates the presence of a high-quality graphene constituted by a majority of interconnected single layers due to the low D band intensity and the high 2D band intensity. 134 The histogram of the I2D/IG ratio (Fig. 6a-b) indicates a high average graphene quality (I2D/IG ratio = 2.6, σ = 0.6) accommodating a variety of morphological configurations/ orientations. This high value of I2D/IG is consistent with the presence of one to two layers of planar graphene.
A quality hallmark of the 3D nanoporous graphene is seen from a I2D/IG intensity ratio mapping in Fig. 6c : Sub-nanometer flat areas are clearly identified from I2D/IG, in agreement with TEM images (Fig. 5) . The ID/IG mapping reflecting the defect distribution density is inversely proportional to the I2D/IG image in terms of brighter versus darker regions (Fig. 6d) . This mapping shows that a relatively high defect concentration exists in the tubular-shaped and highly-curved regions, where the defects such as 5-7 defects should be geometrically required to form curved graphene as discussed in Fig. 5 . 
Electronic structure in 3D nanoporous graphene
The spatially resolved C 1s core-level mapping obtained by X-ray photoelectron spectroscopy (XPS) identifies two components of sp (Fig. 7) . The relative intensity ratio of the two components varies in the peaks related with edge defects are not detected, consistent with the bicontinuous topology in (Fig. 5) and the low D band intensity in the Raman spectra (Fig. 6) . If graphene in 3D nanoporous structures retains a massless Dirac fermion character ( Fig.   8(a) ) with high electron mobility, this is expected to serve as a post-silicon electrical device in near future. This will also facilitate commercializing graphene devices. Recently, a 3D nanoporous structure comprising monolayer graphene with Dirac fermions preserved has been synthesized, and the electronic structure of the nanoporous graphene as investigated with photoemission spectroscopy showed a Dirac-cone type linear electronic DOS around the Fermi energy that resembles that of 2D graphene (Fig. 8(bc) ). However, contrary to 2D graphene which has an anisotropic angle-dependence for photoelectrons emitted from well-ordered samples in angle-resolved PES, the 3D nanoporous graphene exhibits no significant anisotropy in ARPES (Fig. 8(d) ). 96 If we recall the major sp 2 -like states in the 3D graphene (Fig. 7) , this indicates that the 3D nanoporous graphene preserves a graphene-like electronic structure, i.e., the massless Dirac fermions, and the electron scattering on the 3D periodic structures, that can in general affect physical properties, with e.g. a mass-gap opening for atomic-scale 3D periodicities 135 , may be suppressed in this system. 96, 134 The 3D nanoporous graphene overcomes the limitations in practical applications of small-sized individual graphene sheets for 3D devices constructed from a single 2D graphene sheet. Angle-resolved PES spectra in a wider energy region for 3D nanoporous graphene.
Transport properties in 3D porous graphene
The electric transport properties of 3D porous graphene materials reviewed in sections 2-3 play an important role in their electronic device performances, and have been investigated for obtaining a deep understanding for potential 3D device applications. The performance turns out to strongly depend on the synthesis and fabrication methods (Fig.   9) , whose electrical conductivity values are obtained from the pore size and conductivity in the reported literatures. times lower than the mobility of 2D CVD graphene (Fig. 9(b) ). However, it should be noted that the mobility was estimated by taking the nanoporous graphene sample as a uniform 3D metal, i.e., the electron mobility is simply calculated from the 3D conductivities normalized by the 3D sample dimensions (thickness, etc). Since electron trajectories should be complex on curved graphene surface in nanoporous structures, the mobility there cannot be compared in such a simple manner to that of a flat 2D graphene.
However, it is possible to estimate the actual mobility on local graphene surfaces in 3D nanoporous structure if one turn to the magnetic transport measurement as described in the following. The electrical transport properties of the porous materials (as opposed to ordinary metals) demonstrate an interesting phenomenon related with their unique 3D periodic structures. 132, 133 Especially, estimation of electron mobility should be greatly influenced by the electron pathways in nanoporous structures (Fig. 10) . Here is one example for the difference between estimations for a graphene nanoporous structure and the 3D bulk sample in a semiclassical model. Figure 10(a) schematically displays a part of nanoporous graphene ligament placed in a uniform magnetic field B. During traveling along a pathway in a monolithic nanoporous graphene with the relative angle between the magnetic field and the curved graphene surface changing from one place to another, an electron feels spatially varying magnetic fields B eff (= Bcosθ) for the component normal to the surface, where θ is the angle between B and the surface normal. Thus an electron travelling on a graphene labyrinth experiences a non-uniform magnetic field, so that the cyclotron motion, dominated by the normal component of the magnetic field, should be affected. This means that the total conductivity is expressed as an appropriate average of the 2D conductivity over a magnetic field distribution when the inhomogeneity is spatially slowly-varying enough. In that case we can take the semiclassical approximation, in which the conductivity tensor is given as where θ is again the angle between the surface normal and the magnetic field, Stot and V are the total graphene area and the total volume of the system, respectively. 94 The Hall resistivity obtained from this expression is plotted in Fig. 10(c) as compared with the experimental result. Here the theoretical result predicts that the Hall resistivity is not perfectly linear in B but has a slight kink structure as seen in Fig. 10(c) . Accordingly, the second derivative, for a more detailed characterization of the Hall resistivity curve, exhibits a peak at μB~0.7 where μ is the local mobility of 2D graphene in the 3D nanoporous structure. Conversely, this implies the local mobility μ can be estimated from the peak position of the second derivative of the Hall resistivity against B. The theory reproduces the experimental curve qualitatively well, and the mobility μ estimated from the peak position is 5000−10000 cm 2 /Vs, which is comparable to the electron mobility for 2D CVD graphene (Fig. 9(b) ). Such electron trajectories in the complex 3D porous structures should be considered in their transport properties for a deep understanding of
3D porous graphene based electronic devices. 
3D nanoporous graphene transistor
Free-standing, large-scale 3D nanoporous graphene with 2D electronic properties, such as high electrical conductivity and electron mobility as one successful electronic device example, holds great promise for applications, especially as a 3D nanoporous graphene transistor 94, 137 . A high performance 3D nanoporous graphene transistor has actually been demonstrated using the electric double layer (EDL) capacitance 35 . The vast surface area in bicontinuous and open nanoporous structures of graphene should indeed give significant advantages for both transistor channels and gate electrodes. Employing the nanoporous graphene as a transistor channel and a gate electrode to maintain sufficient electrical capacitance as shown in Fig. 11(a) , a carrier density of a wide-area graphene sheet integrated into a 3D nanoporous structure was uniformly controlled by the electric field effects. Clear ambipolar carrier transport features were observed in the longitudinal and transverse conductance as well as in the quantum capacitance that reflects the electronic structure of the massless Dirac fermion (Fig. 11(b) ). The bicontinuous and open nanoporous structure in electric fields is also clarified from the magnetotransport scaling as previously discussed in section 4.
Importantly, both the conductance and the capacitance are 100-1000 times higher than those in the 2D graphene EDL transistor (Fig. 11(c) ) 35 . Thus we can expect the 3D nanoporous graphene EDL transistor will open a new horizon for applications in highly responsive electronic devices as well as for tuning electronic properties of Dirac fermions with the 3D nanoporous structure. 
Conclusions
In this article, we have reviewed the electronic structure and controllability of 3D porous graphene network and its hybrid architectures. Especially, 3D nanoporous graphene created from the nanoporous Ni based CVD method preserves a single and high-quality graphene sheet characters hallmarked by investigations of Raman spectroscopy, TEM observation and photoemission spectroscopy. The preservation of 2D graphene characters and understanding of physical properties of 3D porous graphene are the core of material science and physics for expanding 3D porous graphene based electronic applications.
Using such high quality 3D porous graphene, we envisage they have various potential and promising device applications such as supercapacitors, lithium batteries, electrode catalysts (hydrogen evolution reaction, oxygen reduction reaction and oxygen evolution reactions) by utilizing renewable energy sources, solar light absorption materials, transistor, photodetector, sensing devices as metal-free and/or eco-friendly materials. One message is that the graphene morphology and fabrication methods should be properly chosen according to the usage and applications. Even when the morphology of a single and perfect 2D graphene sheet demonstrates excellent characters, atomically-thin sheets are not always fit for various kinds of applications, and graphene materials may harbour wider possibilities for practical and industrial applications when 2D graphene sheets are converted to 3D porous architectures, so that the 3D porous graphene reviewed here has a great potential towards future applications. However, proper and deeper understanding of their physical properties, especially electrical transport properties, is desirable with theoretical approaches 138 . As we have stressed, the electron pathways in 3D porous structures should be quite complicated and much longer than direct distances. Therefore, we shall have to further elaborate these for capturing 3D porous graphene characters and functionalities for developments of graphene based electronic devices.
Given a wide variety of carbon structures, the unique properties of 3D porous graphene architectures may be understood by combining the features of graphite, graphene, carbon nanotube, nanoribbon, nanographene and fullerene, which means that the 3D porous graphene materials incorporates some of these functions as schematically illustrated in Figure 12 . Therefore, it could be expected that 3D porous graphene devices will bring new insights and innovations to overcome the limitation of integrating graphene in 3D devices by fusion of advantages of carbon family for opening a new route for a plethora of 3D porous graphene applications. 
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